Endoreduplication cycles that lead to an increase of DNA ploidy and cell size occur in distinct spatial and temporal patterns during Drosophila development. Only little is known about the regulation of these modi®ed cell cycles. We have investigated fore-and hindgut development and we present evidence that the Drosophila knirps and knirps-related genes are key components to spatially restrict endoreduplication domains. Our lack and gain-of-function experiments show that knirps and knirps-related which encode nuclear orphan receptors transcriptionally repress S-phase genes of the cell cycle required for DNA replication and that this down-regulation is crucial for gut morphogenesis. Furthermore, we demonstrate that both genes are activated in overlapping expression domains in the fore-and hindgut in response to Wingless and Hedgehog activities emanating from epithelial signaling centers that control the regionalization of the gut tube. Our results provide a novel link between morphogen-dependent positional information and the spatio-temporal regulation of cell cycle activity in the gut. q
Introduction
Polytene or polyploid cells play a crucial role in the development of many organisms (see Brodsky and Uryvaeva, 1984; Day and Lawrence, 2000 , for reviews). These cells increase ploidy by dissociating DNA replication from mitosis and cell division (Smith and Orr-Weaver, 1991; Royzman et al., 1997) . Well known examples of polytene cells are the giant trophoblast cells which invade the uterus during the implantation of the mammalian embryo or the salivary gland cells in the Drosophila larva (Wolpert et al., 1998; Ashburner, 1989) . Studies on cell cycle regulation in Drosophila have revealed that polytenization is controlled by a conserved cell cycle machinery (see Edgar and Lehner, 1996; Lehner and Lane, 1997; Duronio, 1999 , for reviews). Whereas mitotically active cells display the canonical G 1 /S±G 2 /M cell cycle, polytene cells undergo the endoreduplication, or`endo' cycle that consists of successive rounds of DNA synthesis without intervening cell division. The cell cycle machinery that controls the G 1 /S transition in dividing cells also controls the G/S transitions of the endocycle and it could be shown that cyclin E (cycE) is a key gene required for this process (Knoblich et al., 1994; Sauer et al., 1995) . CycE in turn, is necessary for the transcriptional activation of S-phase control genes such as DNA polymerase a (Pola ), Proliferating Cell Nuclear Antigen (PCNA) and Ribonucleotide Reductase 2 (RNR2) (Duronio and O'Farrell, 1994) . To ensure correct endocycles, the level of CycE has to¯uctuate (Lilly and Spradling, 1996; Weiss et al., 1998; Follette et al., 1998) .
Polytenization is usually paralleled by an increase of cell size and occurs in many cells and tissues that are highly metabolically active and synthesize large amounts of particular products (see Nagl, 1978, for review) . In the Drosophila larva which has to increase its mass by 200-fold before pupariation, almost all of the tissues, except cells which have been set aside to generate adult-speci®c tissues, become polyploid (see Church and Robertson, 1966; Britton and Edgar, 1998; Zinke et al., 1999; Duronio, 1999, for review) . Polytenization is initiated already during mid-embryogenesis in tissue-speci®c domains, at speci®c developmental times (Smith and Orr-Weaver, 1991) . It is, however, largely unknown how the polytenization domains are spatially and temporally regulated and what function they might have during tissue and organ morphogenesis in the embryo. One of the endoreplicative tissues in the embryo is the gut, which derives from separated primordia in the anterior and posterior region of the embryo (see Skaer, 1993; Lengyel and Liu, 1998 , for reviews). Endoreduplication occurs during the regionalization phase of gut organogenesis when the primordial cells change their shape and migrate to manifest the subdivisions of the gut tube such as the keyhole of the developing proventriculus in the foregut (Pankratz and Hoch, 1995; Nakagoshi et al., 1998; Fuû and Hoch, 1998) and the small intestine, the large intestine and the rectum in the hindgut (Snodgrass, 1935; Hoch and Pankratz, 1996) . Fore-and hindgut morphogenesis is guided by epithelial signaling centers which form through the localized expression of the secreted molecules Wingless, Hedgehog and Decapentaplegic (Pankratz and Hoch, 1995; Hoch and Pankratz, 1996; Singer et al., 1996) . It is unknown whether these epithelial signaling centers contribute to the localization of endoreduplication domains in the gut epithelium.
Searching for regulators of gut development, we identi®ed the knirps (kni) and knirps-related (knrl) genes which encode members of the nuclear steroid hormone receptor superfamily (Nauber et al., 1988; Oro et al., 1988) , as key components controlling endoreduplication domains and epithelial morphogenesis in the fore-and hindgut. We demonstrate by using lack and gain-of-function experiments, that both genes act redundantly to prevent cells from inappropriate entry into endoreduplication cycles. This occurs by inhibiting RNR2, PCNA and Pola transcription, all of which belong to the transcriptional program controlling S-phase progression of the cell cycle. Furthermore, we demonstrate that kni and knrl are activated in response to Wingless and Hedgehog activities emanating from epithelial signaling centers that were shown to coordinate morphogenesis of the gut epithelium during its regionalization.
Results

kni and knrl are expressed in overlapping patterns during gut morphogenesis
Previous studies on kni and knrl expression and function during organogenesis and wing formation have shown that both genes are co-expressed and act redundantly (GonzalezGaitan et al., 1994; Chen et al., 1998; Lunde et al., 1998) . Our studies about the role of both genes during gut development are in line with these ®ndings (Fig. 1) . In situ hybridization and antibody stainings reveal co-expression of both genes initially at stage 10 in the ectodermally derived primordia of the esophagus in the foregut and the small intestine and the rectum in the hindgut, respectively ( Fig. 1A,B ; data not shown). With the beginning of germband retraction, an additional co-expression domain appears in two lateral cell rows on each side of the large intestine (Fig. 1C,D) . The expression of kni and knrl persists in these four domains in the gut epithelium throughout embryogenesis. The loss-of-function analysis using kni mutant embryos and embryos mutant for the de®ciency Df(3L)ri XT1 which uncovers both the kni and knrl transcription units (Rothe et al., 1989 ; a single knrl mutant has not been characterized until now) reveals that only in the de®ciency, gut organogenesis is strongly affected from stage 14 onwards. We used Crumbs (Crb) as a marker for ectodermal epithelial cells that also visualizes the subdivision of the hindgut into the small intestine, large intestine and the rectum (Wodarz et al., 1995; Hoch and Pankratz, 1996) . The developing small intestine and the rectum epithelia in the hindgut (Fig. 1F , compare to E) and the esophagus epithelium in the foregut (Fig. 1K , compare to J) start to loose their integrity in the mutant. Expression studies indicate that the activity of the pro-apoptotic gene reaper (White et al., 1996) is upregulated in many gut epithelial cells from late stage 10 onwards (Fig. 1I for the hindgut primordium, compare to H) indicating that the gut cells most likely undergo apoptosis. This eventually leads to a disconnection of the midgut from the hindgut and foregut epithelia at stage 15 (Fig. 1F,K) . The mutant gut phenotype in the de®ciency can be rescued using a kni transgene that provides both kni segmentation and gut function (Rothe et al., 1992; Chen et al., 1998; Fig. 1G, compare to F and E) . Similarly, the small intestine becomes rescued when kni or knrl are misexpressed in all the hindgut cells of Df(3L)ri XT1 -embryos using the 14-3fkh-Gal4 driver and the UAS-Kni or UAS-Knrl effectors (data not shown). In summary, our data point towards a redundant role of kni and knrl during gut development, as was observed for other kni/knrl dependent aspects of organogenesis (Gonzalez-Gaitan et al., 1994; Chen et al., 1998; Lunde et al., 1998) .
2.2. The spatial control of endoreduplicative activity in the ectodermal gut depends on Kni and Knrl kni and knrl have been described previously as redundant regulators of cell fate in the stomatogastric nervous system and the wing (Gonzalez-Gaitan et al., 1994; Lunde et al., 1998) and as regulators of cell migration in speci®c tracheal cell populations (Chen et al., 1998) . In these studies, however, kni and knrl target genes which regulate cell behavior, such as cell shape changes, cell adhesion, or cell migration could not be identi®ed and it has remained elusive how both genes control cell biological processes. Therefore, we further investigated the cause for the disconnection of the fore-and hindgut from the midgut in Df(3L)ri XT1 mutant embryos. We ®rst tested whether kni/knrl are involved in the establishment of epithelial polarity in the gut cells. The localization of the polarity determinant Discs-lost which marks the apical margins of epithelial cells and the septate junction markers Fasciclin III and Neurexin IV (Bhat et al., 1999) were analyzed in wild-type and Df(3L)ri XT1 mutant embryos (Fig. 2) . Anti-Discs lost and anti-Fasciclin III double stainings reveal that the apical region and the septate junctions of the hindgut cells are still formed normally in Df(3L)ri XT1 mutant embryos (Fig. 2B , compare to A). However, double stainings of Neurexin IV and bGal visualizing the nuclear reporter gene expression pattern of an enhancer trap line reveal that hindgut tissue of Df(3L)ri XT1 mutant embryos contains much bigger nuclei and cells than the corresponding wild-type tissue (Fig. 2D , compare to C). This suggested to us that an increase in DNA ploidy might have occurred in the kni;knrl double mutant condition and prompted us to investigate the pattern of endoreduplication cycles in the hindgut.
The development of the gut epithelium is accompanied by a stereotyped pattern of cell cycle regulation (reviewed in Skaer, 1993; Campos-Ortega and Hartenstein, 1997) . The fore-and hindgut primordia undergo a ®xed number of postblastodermal cell divisions until late stage 10/early stage 11 (Foe, 1989; reviewed in Skaer, 1993) . Endoreduplication cycles have been described to occur at stages 13/14 in the hindgut (Smith and Orr-Weaver, 1991) . Our BrdU incorporation studies show that the hindgut epithelium displays a subdivision into replicating tissues such as the developing large intestine and quiescent tissues such as the developing small intestine and the rectum from stage 11 onwards (Fig.  3A,B) . The replicative activity is re¯ected by a speci®c BrdU incorporation pattern in the hindgut: no incorporation in the small intestine and rectum and high incorporation in the large intestine primordia in between (Smith and OrrWeaver, 1991) . Notably, the kni/knrl expression pattern in the hindgut of wild-type embryos is complementary to the BrdU incorporation pattern (Fig. 3C,D) . This complementarity also applies to the foregut in which kni/knrl are ubiquitously expressed (Fig. 3E) . Endocycles have not been described for the developing foregut (Smith and OrrWeaver, 1991) and BrdU is not incorporated from stage 11 onwards (Fig. 3F) .
In Df(3L)ri XT1 mutant embryos, the analysis of the BrdU incorporation pattern reveals a tissue and time speci®c defect of cell cycle activity in the hindgut epithelium. An ectopic domain of DNA replication in the rectum and a slight expansion of DNA replication into the small intestine is detectable using the BrdU incorporation assay in stage 13 mutant embryos (Fig. 4B , compare to A). The appearance of Fig. 2 . Analysis of epithelial polarity and cell shapes in wild-type and Df(3L)ri XT1 mutant embryos. Anti-Fasciclin III (red; marks separate junctions) and anti-Discs lost (green; marks the apical region) double staining of wild-type (A) and (B) Df(3L)ri XT1 mutant embryos at stage 15. Note that the apicolateral polarity of the epithelial cells is not affected in the mutants (white arrows). (C,D) Anti-Neurexin IV (green) and anti-bGal (red) double stainings of wild-type and Df(3L)ri XT1 mutant embryos at stage 15, respectively, which carry an enhancer trap line that marks hindgut nuclei. Note the larger nuclei and cell size in the mutant, compared to wild-type (white arrows). a G 1 phase in the endoreduplicative cycle and the transition from G 1 to S phase is accompanied by a molecular network controlling the coordinate transcription of cycE (Knoblich et al., 1994; Sauer et al., 1995; Lilly and Spradling, 1996; Weiss et al., 1998; Follette et al., 1998) CycE in turn regulates the activity of the S-phase genes Pola , PCNA and RNR2 (Duronio and O'Farrell, 1994) . Since cycE is only weakly expressed in the hindgut (Knoblich et al., 1994 ; our own observations) we could not unambiguously analyze whether its expression is changed in Df(3L)ri XT1 mutant embryos (kni or knrl are unchanged in cycE mutants, data not shown). On the contrary, the Pola , PCNA and RNR2 genes which are activated in response to CycE activity, indeed do have a strong expression pattern in the hindgut which parallels the BrdU incorporation pattern in wild-type embryos (Duronio and O'Farrell, 1994) . In line with the BrdU experiments, loss of kni/knrl function in Df(3L)ri XT1 mutant embryos leads to an ectopic expression of RNR2 (Fig. 4D , compare to C), PCNA (Fig. 4F , compare to E) and Pola (data not shown) in the rectum and an upregulation of these genes in the small intestine prior to the upcoming defect in these gut regions.
To further investigate this, we performed gain-of-function experiments using the UAS-Gal4 system (Brand and Perrimon, 1993) . Ectopic expression of kni or knrl in the entire hindgut using the 14-3fkh-Gal4 driver and the UAS-Kni or UAS-Knrl effector lines merely leads to a mild reduction of the BrdU incorporation domain in the large intestine (Fig.  5A, compare to Fig. 4A ). Ectopic expression of both kni and knrl has a strong effect on DNA replication in the hindgut. The BrdU domain is completely abolished (Fig. 5B , compare to Fig. 4A) , suggesting a combinatorial function of both genes in the suppression of endoreduplication cycles. We next monitored the expression of various cell cycle components. Ectopic kni and knrl activities in the entire hindgut are able to completely repress the transcription of RNR2 (Fig. 5C , compare to Fig. 4C) , PCNA (Fig. 5D, compare to Fig. 4E) and Pola (not shown) in the large intestine. Notably, cycE mutants in which no endoreduplication occurs in the large intestine, display a mutant phenotype that is similar to the one obtained when kni and knrl are ubiquitously expressed in the hindgut (Fig. 5G , compare to F and E).
Since endoreduplication usually has an impact on cell size (see Brodsky and Uryvaeva, 1984; Day and Lawrence, 2000 , for reviews), we investigated whether upon ectopic kni and knrl expression in the hindgut, changes in cell size occur. Anti-Neurexin IV antibody stainings reveal that many of the large intestine cells are indeed much smaller in these embryos as compared to wild type (Fig. 5I , compare to H; note the variation cell size in a given focal plane). The large intestine region becomes reduced in size (Fig, 5F , compare to E) under these conditions, although the overall cell number seems not to be affected (Fuû and Hoch, unpublished) . These results are consistent with the argument that the lack of endocycles in the large intestine region leads to a reduction of the cell sizes in this area. In summary, our results suggest that kni and knrl down-regulate endoreduplication activity in the gut by repressing S-phase genes of the cell cycle.
Epithelial signaling centers coordinate kni and knrl expression
The kni and knrl expression domains in the developing foregut and hindgut partially overlap with the expression domains of wingless (wg) and hedgehog (hh), which were previously shown to de®ne signaling centers that control morphogenetic movements during the regionalization of the gut (Pankratz and Hoch, 1995; Hoch and Pankratz, 1996) . To investigate whether kni/knrl expression and consequently also the restriction of the endoreduplication pattern in the gut is coordinated the Wg and Hh signaling cascades, we performed expression studies in various lack and gain-of-function situations. In hh mutants, kni expression is only mildly reduced in the developing fore-and hindgut expression domains (Fig. 6B, compare to A) . In early wg mutants, kni fails to be expressed in the esophagus primordium and is strongly reduced in the developing small intestine and rectum (Fig. 6D, compare to C) . wg mutant embryos lack a foregut at later stages and have a strongly reduced hindgut (Skaer and Martinez Arias, 1992) .
Ectopic expression of hh in all the hindgut cells using the UAS-Hh effector and the 14-3fkh driver line (see Section 4) does not alter the kni or knrl expression domains in the hindgut, even when the Hh dose is increased by using effector lines with multiple UAS-Hh transgene insertions (data not shown). However, if the same experiment is carried out in engrailed mutants, kni/knrl can be induced ectopically in all the hindgut cells (Fig. 6E) . In wild-type embryos, engrailed is expressed in the dorsal part of the large intestine (Hama et al., 1990) and exerts a repressing function on kni/knrl expression that apparently cannot be overcome by ectopic Hh activity. On the other hand, ectopic wg expression in all the hindgut cells using the UAS-Wg effector and the 14-3fkh driver line does result in ubiquitous induction of kni and knrl expression (Fig. 6F) . engrailed expression in the hindgut of these embryos is repressed under these conditions (data not shown). To investigate whether ectopic Wg expression in the hindgut interferes with DNA replication activity required for endoreduplication, we analyzed the BrdU incorporation. As shown in Fig. 6G , BrdU incorporation is absent in the hindgut of such embryos. Consistent with this result, we ®nd that S-phase genes such as RNR2 (Fig. 6H) are transcriptionally repressed upon ectopic Wg expression in all the hindgut cells using the 14-3fkh-Gal4 driver and UAS-Wg. As has been observed for ectopic kni/ knrl expression in the hindgut (Fig. 5I,H) , the size of the hindgut cells are reduced in these embryos.
Discussion
Endoreduplication cycles in the Drosophila embryo occur in tissue and time-speci®c patterns. Little is known, however, on how endocycles are spatially and temporally controlled in response to developmental signals (Duronio, 1999, for review) . Our studies on fore-and hindgut development provide compelling evidence that the nuclear orphan receptors Kni and Knrl restrict endoreduplication domains during gut morphogenesis by repressing S-phase genes of the cell cycle in response to morphogenetic Wg and Hh activities (Fig. 7) .
Kni and Knrl act as inhibitors of endoreduplication
In wild-type embryos, the pattern of endoreduplication in the developing fore-and hindgut visualized by BrdU incorporation or expression of the S-phase genes RNR2, PCNA and Pol a , is complementary to the kni and knrl expression domains (Fig. 3) . Whereas in the foregut, kni and knrl are ubiquitously expressed and no endocycles occur (Smith and Orr-Weaver, 1991 ; Fig. 3E ), both genes are strongly expressed in the small intestine and the rectum of the hindgut; endocycles occur in the intervening large intestine region (Fig. 3B ). In the de®ciency that uncovers the kni and knrl genes, the replicating large intestine domain expands. Notably, an ectopic endoreduplication domain does not extend throughout the foregut in these mutants, indicating that components required for endocyclic activity are missing in the foregut epithelium. In our gain-of-function studies, BrdU incorporation and the coordinate transcription of Pola , PCNA and RNR2 can be completely repressed if both kni and knrl are ectopically expressed in the middle region of the hindgut. Consistent with the observation that cell size is usually proportional to ploidy (see Day and Lawrence, 2000 , for review), many of the hindgut cells become reduced in size compared to wild-type cells, when DNA synthesis is repressed in this region of the hindgut (Fig. 6G, compare to E) . Since the pattern of all cell fate markers in the developing hindgut that we were investigating, such as Crb visualizing its general three-partite subdivision or En, Dpp and FasIII marking the large intestine and cells of the small intestine and the rectum, remained largely unchanged, we are con®dent that the observed effects of kni/ nrl on S-phase control genes are not an indirect consequence of cell fate changes in the hindgut. Electron microscopy studies have revealed that the large intestine is characterized by a thin cuticular layer and deep infoldings of the plasma membrane on the luminal side (Murakami et al., 1999) . These infoldings are associated with elongated mitochondria, which suggests that the tissue is physiologically highly active ± most likely in water and ion resorption that is energy-dependent. Evidence that the gut becomes competent for digestion already during late embryogenesis comes from the disappearance of the yolk from the midgut (see Skaer, 1993, for review) . Other gut-associated organs that become polyploid such as the Malpighian tubules or the salivary glands also start their physiological activities during late embryogenesis (see Skaer, 1993, for review) . This is consistent with the notion that an increase in DNA ploidy often occurs in tissues that are metabolically highly active (Smith and Orr-Weaver, 1991; Britton and Edgar, 1998) . In the small intestine and the rectum of the hindgut on the other hand, morphogenetic movements occur during the regionalization phase (Hoch and Pankratz, 1996) . If the repression of endoreduplication activity by Kni and Knrl is revealed in these regions, like in Df(3L)ri XT1 mutant embryos, the cells apparently undergo apoptosis, a phenomenon that has been observed previously in cells which are experimentally forced from G into S phase of the cell cycle (Asano et al., 1996) .
The molecular mechanism by which the transcription factors Kni and Knrl control endoreduplication, remains elusive. From studies on early pattern formation in the embryo, it is known that Kni can act as a repressor of target genes during segmentation and that this function is mediated via distinct repressor domains of the protein which interact with speci®c co-factors (Gerwin et al., 1994; Nibu et al., 1998) . It is possible that Kni and Knrl which bind to the same binding sequence (Hoch et al., 1992; Rothe et al., 1992) use a similar mechanism to directly repress cycE or Pola , PCNA and RNR2 transcription. The regulatory regions of these genes, however, have not yet been characterized.
Epithelial signaling centers in the gut control endoreduplication via the kni and knrl genes
The integration of positional information and cell cycle activity is fundamental for the coordinated development of tissues and organs in multicellular organisms (see Edgar and Lehner, 1996; Follette and O'Farrell, 1997 , for reviews). The regional subdivision and morphogenetic movements in the fore-and hindgut portions are guided by epithelial signaling centers in the gut ectoderm which form through the localized expression of the secreted molecules Wingless, Hedgehog and Decapentaplegic (Pankratz and Hoch, 1995; Hoch and Pankratz, 1996) . Our results indicate that one important function of these ectodermal signaling centers is to control the pattern of endoreduplication. Our lack and gain-of-function experiments indicate that the regulation of the endoreduplication pattern by the epithelial signaling centers is most likely mediated by kni and knrl which are activated in speci®c domains in the fore-and hindgut in response to wg and hh activities. Positive cross-regulation of wg and hh, as has been observed for other developmental processes, is likely (see Dinardo et al., 1994; Lawrence and Struhl, 1996 , for reviews).
In Drosophila and in vertebrates such as the mouse and the chick, various aspects of gut formation seem to be conserved, both on the morphological as well as on the molecular level (see Hoch and Pankratz, 1996; GrapinBotton and Melton, 2000, for review) . This includes Hedgehog signals which were shown to be essential for organogenesis of the mammalian and avian fore-and hindgut (Roberts et al., 1995; Ramalho-Santos et al., 2000) . It remains to be shown in vertebrates, whether an important function of Hedgehog signaling might also be to regulate the cell cycle machinery during the regionalization of the gastrointestinal tract.
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(Bloomington stock center). The`kni transgene' (Rothe et al., 1992; Chen et al., 1998) which was used for rescuing the gut phenotype of Df(3L)ri XT1 mutant embryos contains the complete kni coding sequence and regulatory elements for kni function during segmentation and gut development. To drive Gal4 ubiquitously in the hindgut from late stage 10 onwards, we used the 14-3fkh-Gal4 driver (S. Stein, M. Hoch, unpublished). As effector¯y lines, we used UAS-Kni (Chen et al., 1998) , UAS-Hh, UAS-Dpp and UAS-Wg (gifts of S. Cohen, EMBL, Heidelberg). The UAS-Knrl effector construct was generated by cloning the coding region of the knrl cDNA (Oro et al., 1988) as an EcoRI fragment into the pUAST vector (Brand and Perrimon, 1993) . The construct was transformed into¯ies by P-element mediated germline transformation and stable lines were established. Ectopic expression studies were performed at 298C.
Immunocytochemistry
Antibody staining of whole-mount embryos was carried out as described previously (Fuû and Hoch, 1998) , using the Vectastain ABC Elite-horseradish peroxidase system. The stained embryos were embedded in Araldite in capillaries. The following antibodies were used: guinea pig anti-Kni (1:200), rabbit anti-Knrl (1:200), rabbit anti-Neurexin IV (1:1000) and rabbit anti-Discs lost (1:1000) (Bhat et al., 1999) , mouse anti-Crb (1:20) (Wodarz et al., 1995) , mouse anti-Fasciclin III (a gift of D. Brower).
In situ hybridization was performed essentially as described previously (Fuû and Hoch, 1998) . We used antisense RNA probes of RNR 2, PCNA, Pola, (Duronio and O'Farrell, 1994) , kni and knrl (Chen et al., 1998) , wg, hh and dpp (Hoch and Pankratz, 1996) and reaper (White et al., 1996) .
BrdU pulse labeling
BrdU (Sigma) labeling was performed, with modi®ca-tions for embryos, essentially as described (Kerber et al., 1998) . The embryos were incubated for 30 min with BrdU prior to ®xation.
